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Edited by Gunnar von Heijne and Anders LiljaAbstract Translation is the process by which the genetic infor-
mation contained in mRNA is used to link amino acids in a pre-
determined sequential order into a polypeptide chain, which then
folds into a protein. Transfer RNAs (tRNAs) are the adapter
molecules designed to provide the ‘‘lookup’’ from codons to ami-
no acids. Cryo-EM has provided evidence that the ribosome, as a
molecular machine, undergoes many structural changes during
translation. Recent ﬁndings show that the tRNA structure itself
undergoes large conformational changes as well, and that the
decoding process must be seen as a complex dynamic interplay
between tRNA and the ribosome.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Decoding and the transfer of the peptidyl moiety from the P-
site transfer RNA (tRNA) to the amino acid bound on the A-
site tRNA (peptidyl transfer) are, along with movement of
mRNA and tRNAs in the translocation step, the principal
activities of the translating ribosome. For each sense codon
in the ribosomal A site, a matching tRNA, carrying the corre-
sponding aminoacyl group, must be selected with high preci-
sion. While decoding takes place on the small ribosomal
subunit, peptidyl transfer occurs on the large subunit. Both
activities are necessarily coupled and require cooperation be-
tween the two subunits. The mechanism of this coupling and
the nature of this cooperation have come into focus recently
in kinetic studies [1–3], in studies by cryo-electron microscopy
[4–6], and single-molecule FRET [7]. In this work, we will ﬁrst
summarize important observations by cryo-EM, then
introduce new data on an intermediate state, and ﬁnally sketch
out an integrated model of tRNA selection and
accommodation.
Cryo-EM data show that large dynamic changes of tRNA
take place in two steps: as it enters the ribosome at the A/T site*Corresponding author. Fax: +1 518 486 2191.
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the ribosomal A/A site [4–6]. These observations imply that
tRNA is a molecular spring [6]. Two compelling conclusions
can be drawn: (1) tRNA can be viewed as a dynamic agent
facilitating the cooperation of the subunits and (2) both
accommodation and peptidyl transfer are intrinsically linked
to the dynamic properties of tRNA.2. Basic ﬁndings by Cryo-EM and observation of the GTP state
While X-ray crystallography has provided detailed informa-
tion about the atomic makeup of the decoding center [8–10]
and the peptidyl-transferase center [10–13], and their binding
interactions with tRNA, the structural dynamics of the decod-
ing and accommodation process has remained obscure. Cryo-
EM has provided ‘‘snapshots’’ depicting three stages of the
process [4,6]: the post-translocational ribosome, with empty
A site; the ribosome bound with the aa-tRNAEF-TuGDP ter-
nary complex in the presence of kirromycin (‘‘A/T binding
state’’ of the tRNA); and the ribosome with aa-tRNA fully
accommodated into the A site. We have previously found
[4,6] that: (i) the anticodon stem loop (ASL) region of the
EF-Tu-bound cognate phe-tRNAphe is bent to acquire the ori-
entation required for codon recognition and (ii) the movement
of the GTPase-associated center (GAC; L11 and H43-H44 of
23S rRNA, [14]) region of 50S subunit from an ‘‘open’’ to a
‘‘closed’’ position may have a pivotal role in placing the
ASL of the tRNA in contact with the helix 69 of 23S rRNA,
which in turn could result in the bending of the ASL that is re-
quired for codon–anticodon interaction. This cryo-EM result
is consistent with the mutant tRNA suppressor data (see [15]).
A new cryo-EM map (J. Sengupta, A. Zavialov, H. Gao, R.
Gursky, M. Valle, M. Ehrenberg, J. Frank; work in progress),
showing the ternary complex bound 70S ribosome with a cog-
nate tRNA immediately prior to GTP hydrolysis (using non-
hydrolyzable GDPNP), sheds additional light on the tRNA
selection process. Our analysis of the new map yields an inter-
esting new ﬁnding: the GAC region moves prior to GTP
hydrolysis, but does not reach the position (fully closed) ob-
served in the kirromycin-trapped state [6]. We term this new
GAC position ‘‘half-closed’’. In addition, we see that the
tRNA is again in a bent position, although the density mapblished by Elsevier B.V. All rights reserved.
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of the bending.
Comparison of atomic models (obtained by real-space
reﬁnement as described in [16]) for the four diﬀerent states re-
veals that the position of the GAC in the ribosome, in which
tRNA is accommodated at the A site, is indistinguishable from
the position observed in the post-initiation state (or equivalent
post-translocational state); i.e., in the state prior to the binding
of the ternary complex. We therefore distinguish a total of
three diﬀerent positions of the GAC: ‘‘open’’, ‘‘half-closed’’,
and ‘‘fully closed’’ (Fig. 1). We believe that the ribosome,
through the GAC position, initiates the tRNA interaction with
the decoding center [6].3. Dynamic mechanism of tRNA initial binding, selection, and
accommodation
A modiﬁed and extended view of the sequence of events in
the decoding process inferred from kinetic studies [2,3] is pro-
vided in a recent study by single molecule FRET [7]. Our cryo-
EM maps represent snapshots of four out of the eight states
described by this study (Fig. 2) and invite a detailed compari-
son with the ﬁndings of the new study. State 0 (terminology of
[7]; see Fig. 2) is depicted by the post-initiation complex (map
I) described in Valle et al. [6]. The state with EF-Tu in the GTP
form (GTP-analog) (map II), the state with EF-Tu in the GDP
form (stabilized by kirromycin) (map III), and the state with
the aa-tRNA accommodated in the A site (map IV) on the
70S ribosome maps represent states 3, 5, and 7, respectively.Fig. 1. Comparison of the positions of helices 43–44 of 23S rRNA in
three functional states seen in the Cryo-EM maps showing the
movement of GAC. Pre-translocational (red); PhetRNA Æ EF-
Tu Æ GDPNP bound (golden); and PhetRNA Æ EF-Tu.GDP Æ Kirromy-
cin bound (yellow). Stalk base position in the pre-translocational state
(A-site accommodated) is the same as it is in the post-initiation (or
equivalent post-translocational) state. Binding of the EF-Tu ternary
complex moves the GAC by 5 A˚ toward the CP (central protuber-
ance). The GAC moves further by an additional 7 A˚ following GTP
hydrolysis (measurements based on the positions of A1067: P atom).Elucidation of the crucial binding event responsible for the
binding of aa-tRNA to the GAC is provided by a new study
(W. Li, J. Sengupta, B.K. Rath, J. Frank, in preparation)
employing molecular dynamics simulations of the GAC struc-
ture. This study points to the high instability of one of the
GAC bases, which is able in one of its conformations to inter-
calate with G19 of the D-loop and G56 of the T-loop of
tRNA, and thus account for a moderate stability of the aa-
tRNA–GAC contact.
By integrating, our cryo-EM results derived from the analy-
sis of the four cryo-EM maps, taking into account the se-
quence of events for the delivery of aa-tRNA to the
ribosome by EF-Tu deduced from kinetic experiments [1–3]
and the single molecule FRET study [7], as well as the ﬁndings
of the MD simulations (W. Li, J. Sengupta, B.K. Rath, J.
Frank, in preparation), our proposed mechanism of the decod-
ing process [6] may be extended as follows:
The EF-Tu Æ tRNA ternary complex comes to the 70S ribo-
some (at state 0, map I) in the conformation seen in the crystal
structure of the ternary complex [17]. In the initial interaction,
the ternary complex forms contacts with the 50S ribosomal
subunit between SRL and EF-Tu, and between GAC and
aa-tRNA [4,6]. Mediation of this initial interaction is provided
by the mobile C-terminal domains of L7/L12 [18–20], through
a process as yet unknown.
Before GTP-hydrolysis, the binding of the ternary complex is
a reversible process, and the GAC, a mobile element that bears
the L7/L12 stalk (thus mechanically coupled to its movements),
is free to alternate between the ‘‘open’’ and the ‘‘half-closed’’
position. This movement brings the D-loop of tRNA (residue
26) in contact with helix 69 of 23S rRNA, which causes a distor-
tion in the anticodon stem loop (ASL) of the tRNA.
In state 3, for near-cognate and cognate tRNAs (map II), the
equilibrium between open and half-closed GAC is biased to-
wards the ‘‘half-closed’’ position, due to the stabilization of
ASL by the interactions of the conserved bases A1492,
A1493, and G530 with the codon–anticodon helix [21–23].
The resulting stabilization is stronger in the cognate than in
the near-cognate case. It imposes strain on the tRNA structure
and destabilizes the interaction between the CCA arm of aa-
tRNA Æ EF-Tu, thereby triggering GTP hydrolysis.
GTP hydrolysis moves the conformation of the ribosome–
tRNA complex to an irreversible state (state 5, map III), push-
ing the GAC further into the ‘‘fully closed’’ position. Here, the
strain on the tRNA conformation is relatively weaker,
although tRNA still remains in a high-energy state. EF-Tu is
still bound to SRL after the inorganic phosphate is released.
In state 6, as described in the FRET study, the EF-Tu con-
formation changes to the GDP-bound form, and EF-Tu leaves
the ribosome, breaking the interaction with SRL. Thereafter,
GAC comes back to the open position, breaking its interaction
with the tRNA elbow region. With the two stabilizing contacts
removed, the tRNA (as a molecular spring) is released from its
high-energy state. It can move either toward the accommo-
dated position or leave the ribosome.
Only for cognate tRNA, codon recognition leads to a closing
of the 30S subunit [22,23], and the ASL is tightly held by the
closed 30S subunit, so the most favorable course for the accep-
tor arm is to go toward the peptidyl-transferase center (state 7;
map IV). In contrast, a near-cognate tRNA leaves the ribo-
some when the acceptor arm is free because it is loosely bound
at the ASL.
Fig. 2. Representative structural states corresponding to some of the functional states depicted in the revised model [7] for tRNA selection at the A
site (based on [2]) inferred from kinetics and single molecule FRET data. (A) Post-initiation complex [6] (GAC in open position), with the initiator
tRNA in the P site after the interaction with IF1, IF2, and IF3 (initiation factors). (B) The state with EF-Tu in the GTP form (GTP-analog) (GAC in
half-closed position), (C) the state with EF-Tu in the GDP form (stabilized by kirromycin) [6] (GAC in fully closed position). (D) 70S pre-
translocational state bearing deacylated tRNA in the P site and the Phe-tRNA is fully delivered to the A site (after the peptide bond formation)
(GAC again in open position) (lower panel adapted from [7] with permission.).
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enumerated should make it possible to establish the correspon-
dence between FRET signals and relative donor–acceptor dis-
tances and orientations.Fig. 3. Comparison between the positions and orientations of the A-
(pink) and the modeled A/T-site aa-tRNAs (light pink) deduced from
the cryo-EM maps, in Ribbons representation. The two positions
represent the beginning and the end of the accommodation process.
While the orientation of the anticodon loop remains virtually
unchanged, the acceptor arm swings into a new position where it
reaches the peptidyl-transferase center. This motion can be character-
ized as a rotation of the longitudinal axis of the acceptor arm by 22.
The distance of 46 A˚ was measured between the phosphates at
nucleotide #72 of the tRNA in the two positions.4. Accommodation and peptidyl transfer follow from the
dynamic properties of tRNA
It appears from our analysis of diﬀerent functional states
that tRNA, as a ﬂexible molecule with ‘‘pre-programmed’’
instability, is tailored for dynamic interactions with the ribo-
some from the initial contact, over the selection and proofread-
ing phases, to accommodation and peptidyl transfer. It
behaves like a molecular spring that changes conformation
in the course of this process (Fig. 3), from a relaxed, low-en-
ergy state to a higher energy-state, and back to the relaxed
state. The ﬂexibility of the tRNA structure was predicted on
the basis of the crystal structure [24,25] and was conﬁrmed
by Normal Mode analysis [26,27]. It is of particular interest
that the movement of the CCA end of aa-tRNA into the pep-
tidyl-transferase center appears to require no external force,
and that its direction is uniquely determined by the orientation
that the anticodon loop is fastened in at the decoding center,
and the trajectory of relaxation from the high- to the low-en-
ergy state. It is likely that the process of accommodation places
the tRNA acceptor arm into the unique stereo-chemical posi-
tion that is required for the peptide transfer. In addition,
large-scale molecular dynamics simulation of the accommoda-
tion process of the aa-tRNA on the ribosome [28] based on
tRNA coordinates inferred for the A/T site [6] suggests that
962 J. Frank et al. / FEBS Letters 579 (2005) 959–962the conserved bases in the peptidyl transferase center may pro-
vide a corridor to restrict and ﬁne-tune the movement of the
acceptor arm.
We have two 70S ribosome density maps showing the ribo-
some with fully accommodated A-site tRNA, one in which
peptidyl transfer occurred [6] and one in which peptidyl trans-
fer was prevented by a chemical modiﬁcation of the P-site
tRNA (C.M.T. Spahn et al., in preparation). Both show that
the CCA-end of the A-site tRNA acceptor arm is placed next
to the CCA-end of the P-site tRNA. This ﬁnding suggests, at
least at the resolution of the studies (10 and 7.8 A˚, respectively,
using FSC = 0.5) that the accommodation process places the
CCA end of the A-site tRNA into the same place irrespective
of whether or not peptide transfer occurs.
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